A new thermodynamic model was presented to calculate the phase equilibria for the oxygen-water system. The modified Redlich-Kwong equation of state with a new correlated cross-interaction parameter was used to calculate fugacity coefficients for the vapor phase. The dissolved oxygen followed Henry's law. A new expression was correlated from the experimental data to calculate Henry's constant of oxygen. The calculated results of equilibrium composition were compared with the available experimental data and those calculated by other models with different parameters. The comparison revealed that the new model is suitable for calculating both liquid and vapor compositions while the empirical method is only suitable for estimating the liquid composition. Furthermore, compared to the model proposed by Rebenovich and Beketov, the calculated results of the vapor composition with the new model are better.
Introduction
Many natural and industrial processes occur in aqueous environments that involve or are affected by dissolved oxygen. Such processes range from biological and synthesis reactions to the corrosion and oxidation of materials. A detailed knowledge of temperature and pressure effects on oxygen solubility enables the related processes to be modelled more accurately and controlled more effectively. In previous literature, oxygen solubility in water was determined experimentally, and Henry's constant of oxygen in water was correlated from partial pressure [1, 2] or total pressure [3] [4] [5] in which an equation of state (EOS) was used to calculate fugacity coefficients for the vapor phase. However, none of the used EOS was verified by the available experimental data. It may be reasonable to calculate the liquid composition, but the vapor composition cannot be calculated reliably, especially at high pressures.
Meanwhile, thermodynamic properties (humidity, enthalpy and entropy) in the vapor phase for the oxygen-water system are of importance [6] . Saturated vapor composition is often needed in order to calculate saturated properties. Based on virial EOS, Rabinovich and Beketov [6] proposed a model to calculate thermodynamic properties including saturated vapor composition for the studied system. Because of the scarcity of the experimental data, the cross-interaction parameter between molecular oxygen and water was estimated from theory and the calculated results of saturated vapor composition were verified by comparing with the experimental data of the nitrogen-water system. The calculated results of the saturated composition and other properties in the vapor phase are questionable, and liquid composition cannot be calculated since the liquid phase was assumed to be pure water.
In this paper, phase equilibria of the oxygen-water system were studied. Fugacity coefficients of the components in the vapor phase were calculated with the modified Redlich-Kwong (RK) EOS [7] . The dissolved oxygen in the liquid phase followed Henry's law. Available experimental data were collected and analyzed to obtain a reasonable Henry's constant and to investigate the existing cross-interaction parameter in the modified RK EOS. Calculated results in this paper were compared with experimental data and those of other models in the literature.
Thermodynamic model
The thermodynamic condition for liquid-vapor equilibrium is
φ i is calculated with the modified RK EOS developed by de Santis et al. [7] and
where a and b are parameters with the mixing rule [7] and
The temperature-independent parameters of gaseous oxygen, a 0 ii and b i , were taken from Wark [8] and those for water vapor were taken from de Santis et al. [7] . The temperature-dependent parameter, a 1 ii , is zero for gaseous oxygen. For water vapor, a 1 ii was taken from de Santis et al. [7] . Because the modified RK EOS has not been verified yet for the oxygen-water system, it was investigated in the following text.
The liquid phase reference fugacity of water f 0 w is calculated with Eq. (7). Properties of pressure and volume were calculated from the industrial standard IAPWS-IF97 [9] , the calculation formula and parameters are shown in Appendix A. For the part of φ V w (T, P s w ), since the formula cannot be obtained directly for our programming from the source of IAPWS-IF97 [9] , we calculated it by using Aspen Plus with STEAMNBS model [10] because of its better results compared with other models, such as Peng-Robinson and modified RK EOSs, and correlated with the polynomial equation (8) . The calculated results of liquid phase reference fugacity of water f 0 w in this paper were compared with those calculated from the software SUPCRT92 [11] . The calculated results are almost the same when the temperature is higher than 373.15 K. At lower temperature (<373.15 K), there are some deviations because in the SUPCRT92 it was assumed that the pressure is to be 1 bar
The dissolved oxygen follows Henry's law, and f i 0 of oxygen is equal to H (Henry's constant). The Henry's constant of oxygen in water can be taken from literature [1] [2] [3] [4] [5] 12, 13] or calculated from Helgeson EOS with Eq. (9) [11, 14] or re-correlated from the available experimental data. It was studied carefully as described as follows.
Activity coefficients were assumed to be unity because the dissolved gas is small.
Adjustment of the modified RK EOS
For the model described above, parameters in the modified RK EOS are often correlated from the experimental data in the vapor phase. For the studied system, most of the experimental data are oxygen solubilities in the liquid phase. Although Zoss [15] determined the vapor composition up to high temperatures and pressures, it was proved that there are experimental errors [16] . Subsequently, the modified RK EOS has not been verified yet for the oxygen-water system.
Recently, Wylie and Fisher [17] determined the enhancement factor from 298.15 to 348.15 K and 20-140 bar for the oxygen-water system. Saturated vapor compositions were calculated from this group of experimental data [17] and used to investigate the modified RK EOS in this paper.
Henry's constant of oxygen in water is also needed in order to calculate the saturated vapor composition. For the first try, the Henry's constant was calculated with the Helgeson EOS from Eq. (9) . The calculated results of water vapor composition were compared with the experimental data [17] . Comparison is shown in Fig. 1 . Obviously, the higher the pressure and the lower the temperature, the higher the deviation between the calculated results and the experimental data of Wylie and Fisher [17] . The deviation is about 15% at 298.15 K and 140.85 bar.
The deviation may be due to two factors, the parameters in the modified RK EOS and the Henry's constant calculated with the Helgeson EOS. At low temperature (<100 • C), parameters in the Helgeson EOS were correlated from experimental data of Benson et al. [12] in which the Henry's constant of oxygen in water was correlated from the accurate oxygen solubility with a semi-empirical method. Therefore, we can conclude that the Henry's constant calculated with the Helgeson EOS should be correct in the low temperature range. Wylie and Fisher [17] also stated that the effect of oxygen on the concentration of water vapor with liquid water is mainly caused by intermolecular forces in the gas phase. The Poynting effect is about one-third compared to intermolecular forces of gas, and the Raoult effect is much less compared to intermolecular forces of gas and the Poynting effect. In other words, the effect of Henry's constant on the vapor composition is small. Therefore, the deviation is due to the parameters in the modified RK EOS.
In this paper, an adjustable parameter k was added in order to calculate the cross-interaction parameter as shown in Eq. (10) . k was correlated from experimental data of Wylie and Fisher [17] . The correlation result is also shown in Eq. (10):
Correlation of the Henry's constant of oxygen in water (H)
The correlation of Henry's constant of oxygen in water was performed in two steps:
the calculation of H of each experimental data point with
Eq. (1) by iterative calculation, and 2. the correlation of the expression of H to describe the effects of temperature and pressure.
Correlation of H for each experimental data point
The Henry's constant of oxygen in water has been correlated from solubility data which have been determined experimentally [1] [2] [3] [4] [5] 14] . In some of these studies [1, 2, 14] , the partial pressure of oxygen, which was estimated by subtracting the vapor pressure of water from the total pressure, was used. When a gas dissolves in water, the partial pressure of water will deviate from the saturated pressure of pure water, especially at high pressure. It indicates that the estimated partial pressure of oxygen in the literature is unreasonable. In other studies [3] [4] [5] , total pressure was used and an equation of state was used to calculate fugacity coefficient for the vapor phase, but none of them was investigated by the available experimental data in the vapor phase.
In this paper, the Henry's constant of oxygen in water was correlated from the solubility data at the experimental temperature and total pressure [12, 13, [18] [19] [20] [21] . Since the total pressure was not reported in the work of Cramer [1] , we have not included the data of Cramer [1] in our correlation. It was proved that the solubility values of Zoss [15] are more than an order of magnitude high at low temperature, therefore, they were not considered in the correlation and their experimental errors were checked in the later text. The data of Stephan et al. [13] covered the data of Pray and Stephan [20] , so the data of Pray and Stephan [20] were excluded in the correlation. The data of Rettich et al. [21] were also not considered because the temperature range is within that of Benson et al. [12] , and the deviation between them is small.
Henry's constant was correlated for each experimental data point with the Newton's method. However, for the data of Benson et al. [12] , Henry's constant for each experimental data point has been correlated, and it was used directly in this paper.
Correlation of the expression of H = f(T, P)
Krichevsky-Kasarnovsky equation is often used to describe the pressure effects at lower temperature (<373.15 K). Since the studied temperature is up to 623.15 K, and with increasing pressure the H obtained in the first step may increase or almost keep a constant at the same temperature, an appropriate expression, Eq. (11), was chosen for the expression of H in this paper.
The errors of the available experimental data have not been estimated in previous studies. In order to obtain reasonable correlation results, each experimental data point has an equivalent weight in our correlation. But in this case a large error in one group will cause a large deviation in the correlation. In order to avoid this, each group of data were correlated first with Eq. (11) . Since the number of the data of Pray et al. [19] is less than that of parameters in the correlation expression, the data cannot be checked in this step. The correlation results for other groups are listed in Table 1 . Case A, four groups of data [12, 13, 18, 19] were used in the correlation; Case B, three groups of data [12, 13, 18] were used in the correlation. ln
As shown in correlation results are also listed in Table 1 (No. 5) and shown in Fig. 3 . The value of R 2 of case B is near to that of case A, but the distribution of the deviation of case B is much better than that of case A as shown in Figs. 2 and 3 . Therefore, the correlation results of case B are reasonable and the corresponding correlation results for each parameter are listed in Table 2 .
Comparison and discussion

Direct comparison of the Henry's constant
Since an empirical expression, instead of KrichevskyKasarnovsky equation, was used, the extrapolation to the infinite-dilution may introduce error. In order to verify the reliability of our expression, the correlation results at saturated water vapor pressure was compared with those determined by others [1, 2, 12] . From the comparison shown in Fig. 4 , it is clear that the correlation results in this paper are consistent with those in the literature at saturated water vapor pressure. Fig. 5 shows the pressure effect on Henry's constant at 373.15 K. At pressure below 150 bar, the effect of pressure on Henry's constant can be neglected. When the pressure is high, the value of Henry's constant increases obviously. In this case, it is necessary to consider the pressure impact in order to obtain reliable results. Correlation results of Tromans [2] are also plotted as a dashed line in Fig. 5 . Obviously, the results in this paper are much better than those of Tromans [2] at high pressure.
In the former text, the Henry's constant of oxygen in water was calculated first from Helgeson EOS with Eq. (9) in order to correlate the cross-interaction parameter in the modified RK EOS. Therefore, it is necessary to check the calculated results of Helgeson EOS. The Henry's constant at the saturated pressure of water was calculated with Eq. (9) and compared with those correlated in this paper. The comparison results are depicted in Fig. 4 as a dashed line. At low temperature (<400 K), results from Helgeson EOS are very close to those correlated in this paper since these two studies are all based on the results of Benson et al. [12] at low temperature. This also implies that the correlation of the cross-interaction parameter for the oxygen-water system in the modified RK EOS is reasonable.
When the temperature is high, there is some deviation between the calculated results of this paper and those calculated with the Helgeson EOS. This is explained by the following text. In the Helgeson EOS [11, 14] , the parameter of the effective Born coefficient (w e ) for the neutral species (O 2 , aq ) was correlated from the equilibrium constant. The equilibrium constant was calculated from the solubility data in which the partial pressure was estimated by subtracting vapor pressure of water from total pressure [13] . The deviation of the estimated partial pressure caused the deviation in the Henry's constant. This also indicates that it is necessary to make a further study on how to improve and correct the parameter of the Helgeson EOS.
Comparison of the composition
Composition was calculated here with two methods, thermodynamic and empirical ones, in order to understand the effects of Henry's constant and the method on the equilibrium composition. In the thermodynamic method, the partial pressure of water was calculated when each component satisfied the conditions for phase equilibria. In the empirical method, the partial pressure of water is the saturated pressure of pure water.
In both of these two methods, the Henry's constant of oxygen in water was needed. The Helgeson EOS [11, 14] can be used to calculate the Henry's constant at a certain temperature and pressure. Tromans [2] correlated the Henry's constant from 273 to 613 K and the partial pressure up to 60 bar. In this paper, a new expression for Henry's constant was correlated. Therefore, the Henry's constant was calculated or taken from these three studies respectively to calculate the composition for comparison.
In addition, in the thermodynamic method, fugacity coefficient in the vapor phase was calculated by the modified RK EOS with the existing parameter and the new parameter correlated in this paper, respectively.
Based on the above discussion, five cases were calculated in this paper:
• Case 1, thermodynamic method, the Henry's constant was calculated from the correlation expression in this paper and the fugacity coefficients were calculated by the modified RK EOS with the new parameter correlated in this paper.
• Case 2, thermodynamic method, the Henry's constant was calculated from the Helgeson EOS and the fugacity coefficients were calculated by the modified RK EOS with the new parameter correlated in this paper.
• Case 3, thermodynamic method, the Henry's constant was calculated from the Helgeson EOS and the fugacity coefficients were calculated from the modified RK EOS with the existing parameter in the literature [14] .
• Case 4, empirical method,
was calculated by the modified RK EOS with the existing parameter. The Henry's constant was calculated from the Helgeson EOS.
• Case 5, empirical method, x O 2 = P O 2 /H, y w = P s w /P. The Henry's constant was taken from Tromans [2] . Calculated results at 560.93 K and different pressures were shown as an example. The calculated results of the oxygen solubility in water (x O 2 ) were compared with experimental data of Stephan et al. [13] . However, experimental data in the vapor phase have not been determined at this temperature. In order to show the difference between different methods, the calculated results of this paper (Case 1) were used as reference data because their accuracy has been checked in the previous text. The calculation and comparison results are shown in Table 3 .
In cases 1 and 2, the Henry's constant was taken from different studies. The water vapor in different cases is nearly the same. The maximum deviation is about 0.06%. However, the calculated results of oxygen solubilities in case 1 are much better than those in case 2 by comparing with the experimental data. This implies that the effect of the Henry's constant on liquid composition is obvious while its effect on vapor composition is small enough to be neglected.
In cases 2 and 3, fugacity coefficients were calculated from the modified RK EOS with the new correlated and existing parameters, respectively. Comparing the calculated results of these two cases, one conclusion can be drawn. The effects of the parameter in the modified RK EOS on liquid and vapor compositions are visible.
In cases 4 and 5, the composition of water vapor was calculated by the empirical method. Comparing the calculated results of water vapor in these two cases with those in case 1, the deviation is large and the maximum value is up to 20%. However, the calculated results of liquid composition in these two cases are better than those in case 3. It implies that the empirical method is suitable for calculating the liquid composition.
Based on the above comparison, we can conclude that the thermodynamic method is better than the empirical method. Furthermore, with the new parameter in the modified RK EOS and the Henry's constant correlated in this paper, the calculated results for both liquid and vapor compositions are better than other models. Fig. 6 . Comparison of the calculated results of the liquid composition for the oxygen-water system in this paper with the experimental data of Stephan et al. [13] .
To show the comparison at other temperatures and pressures, the calculated results of this paper were compared with the experimental data of Stephan et al. [13] in Fig. 6 . Obviously, our calculated results agree well with experimental data throughout the whole comparison range.
Comparison with the model proposed by Rabinovich and Beketov [6]
Rabinovich and Beketov [6] calculated and tabulated saturated vapor composition from 200 to 400 K and 1-100 bar. In order to investigate the calculated results of this model, data at 298.15, 323.15 and 348.15 K were interpolated from 20 to 100 bar and compared with the experimental data of Wylie and Fisher [17] . The comparison results are shown in Fig. 1 . The calculated results of Rabinovich and Beketov [6] are higher than the experimental data of Wylie and Fisher [17] . The lower the temperature and the higher the pressure, the larger the deviation.
The calculated results of the new model with the new correlated parameters are also shown in Fig. 1 for comparison . From 298.15 to 348.15 K, the average deviation of the calculated results in this paper from the experimental data [17] is within 0.3%, and the maximum deviation is only 0.5%. It implies that the correlation is reasonable, and the calculated results of this paper are much better than those of Rabinovich and Beketov [6] .
Investigation of the data of Zoss [15]
Vapor and liquid compositions were determined experimentally by Zoss [15] . However, it was stated that the data of liquid composition are more than an order of magnitude high at low temperature. In the literature [15] , it was also proved that the solubility data at the higher temperatures appears to be reliable. We made a comparison of the calculated results with the data of Zoss [15] . Fig. 7 gives the comparison results for the liquid composition. At high temperatures and pressures, the calculated results agree with the experimental data of Zoss [15] . Table 4 shows the comparison of the water vapor composition calculated in this paper with the experimental data of Zoss [15] . The experimental data of Zoss [15] 
Conclusions
Phase equilibria for the oxygen-water system were studied by the thermodynamic method in which the modified Redlich-Kwong EOS with a new correlated parameter was used to calculate fugacity coefficients for the vapor phase and the dissolved gas followed Henry's law. A reliable expression was obtained to calculate fugacity coefficient of pure saturated water accurately, and a new Henry's constant of oxygen in water was correlated from the experimental data. Furthermore, the investigation of the Henry's constant of oxygen in water calculated with the Helgeson EOS shows that there are some deviations at high temperatures and pressures, which means that new parameters in Helgeson EOS are to be re-correlated.
Equilibrium compositions were calculated by the new model with the parameters suggested in this paper and compared with experimental data and those calculated by other models with different parameters. The comparison revealed that the new model is reliable for calculating liquid and vapor compositions, and the calculated results of the vapor composition are much better than those in the study of Rabinovich and Beketov [6] , while the empirical method is only suitable for estimating the liquid composition. Meanwhile, there might be some errors in the experimental data of Zoss [15] . 
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